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Abstract 

We consider a space-time with extra dimensions containing sectors, branes and bulk, that 
communicate only through gravitational interactions. In each sector, if considered separately, 
supersymmetry could be spontaneously broken, leading to the appearance of Goldstinos. How- 
ever, when taken all together, only certain combinations of the latter states turn out to be true 
"would be Goldstinos", eaten by the gravitinos. The other (orthogonal) combinations, we call 
pseudo-Goldstinos, remain in the low energy spectrum. We discuss explicitly how this happen in 
the simplest set-up of five-dimensional space compactified on /Zi2. Our results divide into two 
parts that can be considered separately. First, we build an extension of the bulk five-dimensional 
supergravity, by a set of new auxiliary fields, that allows coupling it to branes where supersym- 
metry is spontaneously broken. Second, we discuss in details the super Higgs mechanism in the 

and unitary gauges, in the presence of both of a bulk Scherk-Schwarz mechanism and brane 

localized F-terms. This leads us to compute the gravitino mass and provide explicit formulae for 
the pseudo-Goldstinos spectrum. 
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1 Introduction and Conclusions 



If supersymmetry has to play a role among the fundamental laws governing our world, it has to 
appear as spontaneously broken. For the purpose, the world is often described by an effective 
four-dimensional supergravity where the spontaneous breaking corresponds to non-vanishing vac- 
uum expectation values (v.e.v's) of auxiliary fields, called F-terms and D-terms. In the global 
supersymmetry limit, the breaking gives rise in the global limit to massless Goldstone fermions, 
the Goldstinos [1]. Instead, in the local version, where gravity is taken into account, the (would 
be)-Goldstinos are absorbed by the massive gravitinos to become their spin ^ components [2l[3],|4j. 

The last decade has seen the emergence of a popular scenario for the phenomenological impli- 
cations of the short distance description of space-time where extra dimensions play an important 
role [5] -[11]. Some of the light degrees of freedom are confined to live on branes localized at partic- 
ular points in a higher dimensional space. In such a set-up, supersymmetry breaking can happen 
either on the branes or in the bulk, and it is usual to discuss the breaking in each sector, sepa- 
rately. For instance, the dynamical breaking of supersymmetry [12] is often studied in the global 
limit as due to some non-perturbative gauge dynamics [131 (Hj that could happen at different 
scales on different, spatially separated, branes [15]. The breaking of supersymmetry in the bulk 
can be instead achieved through a Scherk-Schwarz mechanism [16j. In each of these sectors would 
be Goldstinos are predicted. Only certain combinations of the latter are true ones, eaten by the 
gravitinos. One asks then about the fate of the remaining states. This work deals with this issue. 

Another problem addressed in this paper is the coupling of the bulk supergravity to the 
brane, in the presence of localized F-terms. In the global supersymmetry case, this was studied 
by Mirabelli and Peskin [17J. It was found that the five dimensional super Yang- Mills theory 
had to be extended off-shell by the addition of an appropriate auxiliary field in order to take 
into account the presence of localized D-terms. Such auxiliary fields can be integrated out, but 
with the price of introducing an explicitly singular coupling (5(0) in the scalar potential, which 
requires to be treated carefully as arising from an infinite sum over extra-dimensional momenta. 
Here, we propose the adjunction of a new set of auxiliary fields to the minimal five-dimensional 
supergravity. These fields vanish identically in the supersymmetric limit and allow us to keep track 
of the supersymmetry transformations in the case when boundary F-terms are not explicitly put 
to zero. 

There have been a huge number of papers dealing with supersymmetry breaking in extra 
dimensions (for a few examples, see [18j-|21j). We believe it useful to point out to the reader 
where our work stands in this literature. Off-shell extension of minimal five-dimensional super- 
gravity was built in [22]. This extension was further studied in }23j-[27j. In particular, [251 126j 
studied the coupling to boundary branes and discussed in some details supersymmetry breaking 
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through generahzed Scherk-Schwarz boundary conditions \28\ [29] which correspond to a constant 
superpotential. Their study uses the auxiUary fields obtained in [22j. Our approach here is dif- 
ferent. After tedious computations, we build our Lagrangians from scratch in components fields. 
We identify the necessity to introduce a space-time vector and a scalar as auxiliary fields, and 
we derive transformation rules to take into account the presence of arbitrary superpotentials for 
breaking super symmetry. Although we believe that our auxiliary set of fields can be expressed as 
a combination of some of those of [22], the relation is not trivial and, for the aim of this work, we 
do not find it worth to go through long computations to extract it. 

The other issue discussed here is the fate of the would be Goldstinos. The super-Higgs mech- 
anism in the framework of extra dimensions has been discussed in [3D] for the case of a bulk 
Goldstino and in [31] for the case of generalized Scherk-Schwarz mechanism. The on-shell cou- 
pling of a brane Goldstino to a bulk supergravity was discusses by |32j in the Randall-Sundrum 
set-up. Our analysis includes both bulk and boundaries would-be-Goldstinos. Finally, it might 
be interesting for the reader to make the analogy with bosonic case of pseudo-Goldstones. They 
have been introduced by Weinberg in [33j, used for electroweak symmetry breaking by [M] and in 
the context of large extra-dimensions, they were used as Higgs bosons for example in [35l [36t [37]. 

Let us summarize our main results: 

• We have introduced an extension with new auxiliary fields in order to keep track of super- 
symmetry transformation when coupling the five-dimensional supergravity with the branes, 
as mentioned above. 

• The generalized Scherk-Schwarz mechanism, as introduced by Bagger, Feruglio and Zwirner 
[28], allows localized gravitino masses on boundary branes. We have generalize it to an 
arbitrary set of branes suspended in the bulk. The supersymmetry transformations have 
been derived for these cases. As a corollary, we obtain the condition for the association 
of the given brane-localized gravitino masses with non-trivial Scherk-Schwarz twist not to 
break supersymmetry. We point out explicitely the obstacles when trying to express the 
i^-term breaking as a generalized twist. 

• In the case of flat boundary branes and flat bulk, we study in details the gauge fixing for the 
super-Higgs mechanism. We discuss both the general gauge and the unitary gauge. In 
the latter, we explicitly obtain the form of the gravitino mass, and show that from the four 
original would-be Goldstinos (two in the bulk and one on each boundary), two are eaten 
by the N = 2 bulk gravitinos while two orthogonal combinations remain. We call them 
pseudo-Goldstinos. We explicitly compute the corresponding masses for specific cases, and 
show that in the limit of infinite radius they vanish as expected when one decouples gravity.. 

Our results are obtained with particular assumptions which allow the computations to be 
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carried out explicitly up to the end. The five-dimensional supergravity is taken with the minimal 
content on-shell. Only the corresponding states that are even under an appropriately defined Z2 
action are assumed to couple on the branes. In deriving the pseudo-Goldstinos spectrum, we will 
take all the branes and the bulk to be separately flat. We also assume that we are working in a 
basis where the localized superfields providing the would be Goldstinos are canonically normalized. 
Moreover, our treatment is at tree-level. We believe that the departure from these assumptions 
should not dramatically change the qualitative picture presented in this first work. 

The paper is organized as follows. Section [2] displays the Lagrangians corresponding to the 
minimal five-dimensional supergravity in the bulk with supersymmetry broken by non-trivial 
boundary conditions, as well as the simplest brane action for a set of chiral multiplets with a 
priory non- vanishing F-terms. Appendix IX\ summarizes the related conventions. The coupling of 
the two sectors, bulk and branes, is performed in section [3] after the introduction of new auxiliary 
fields. The corresponding supersymmetry transformations are collected in Appendix iBl Section |4] 
reviews some issues of the spontaneous breaking of supersymmetry in compactifications on /1^2- 
In particular the interplay between bulk and boundary branes localized gravitino masses to break 
(or restore) supersymmetry. These results are generalized in section[5]to the case with an arbitrary 
number of branes suspended at arbitrary points of S^/Z2- Section [H] discusses in great details the 
super Higgs mechanism when supersymmetry is spontaneously broken both in the bulk and on 
the brane. We exhibit that combination of would-be-Goldstinos are not absorbed and form the 
remaining pseudo-Goldstinos. The explicit form of the latter and their masses are provided in 
section [71 while the general formulae are given in Appendix [Dl 



2 Bulk with boundary branes 

Consider a five-dimensional space parametrized by coordinates {x'^,x^) with /i = 0, • • • ,3 and 
x^ = y parametrizing the interval j^i- The latter is constructed as an orbifold from the circle 
of length 27ri? (y ~ y + 27ri?) through the identification y ~ —y. Matter fields live on branes 
localized for instance at particular points y = yn- We will assume here that there are only two 
branes sitting at the boundaries yn = Ub ^ {0, vri?}. The corresponding action can be written a^: 



S = j^^"^ dy j d''x!^^£BULK + /:oS{y) + C^6{y-7TR)Y (2.1) 



'The factor i in front of Cbulk in equation (|2.ip comes from: j d^x = JJ' dy f d'^'x = ^ Jg^ dy J d'^x 
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2.1 On-shell supergravity action in the bulk 



We take the theory in the bulk to be five-dimensional supergravity with the minimal on-shell con 



tent being the fiinfbein e^t , the gravitino ^'a// and the graviphoton Bm ■ The on-shell Lagrangian 



is given bjo [38]: 
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-^^FMN {2i''"^? + ^pT^'^'^'i^Qj) I (2.2) 



and the on-shell supersymmetry transformations are : 
d,BM = i — ^M"! 

5,^ MI = 2DM^i + ^F^^{TMNP-^9MprN)^i (2.3) 

where H is the supersymmetry transformation parameter and Fmn = QmBn — OnBj^j. Note that 
we use here the symbol 6/ for the variation of the fields while the usual symbol 6 will be defined 
later to include extra terms (in section [3]) . 

The five-dimensional spinors ^mi and H/ are symplectic Majorana spinors, described in ap- 
pendix |Al In appendix [HI we present the Lagrangian (|2.2p and the corresponding supersymmetry 
transformations ()2.3p in two-component spinor notation. The five-dimensional gravitino ^mi will 
be written: 

^Ml = i^'^') , = { --f''') (2.4) 

using the two-component Weyl spinors ijjMi- 

Every generic field ip has a well defined Z2 transformation: 

Z2 : ^{y) ^ Vo^{-y) (2.5) 

that allows us to define the orbifold 3^/1^2 from the original five-dimensional compactification 
on 5^. Here Vq is the parity of the field which obeys "Pq = 1. The Lagrangian (j2.2p and 
supersymmetry transformations ()2.3p must be invariant under the action of the mapping (j2.5p . 



^Unless stated otherwise, we take k, h and c equal to 1. See appendix |X] for our conventions 
^In this paper we make the following approximations: we drop the four-fermions terms in the Lagrangian and 
the three and four-fermions terms in the supersymmetry transformations 
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At the point y = 0, we assume the fiinfbein to transform as: 

= +e;i(y), et{-y) = -eUy), e§(-y) = -e§(y), el{-y) = +eUy). (2.6) 

These assumptions and the invariance of supersymmetry transformations under the Z2 action 
imply that ipMi and ipM2 must have opposite parities. The Lagrangian (|B.4p is also invariant under 
an SU{2)ti R-symmetry, under which the gravitinos ipMi and ipM2 transform in the representation 
2 of SU{2)n: 

SU{2)n : ^Mi ^ Ui^i^Nj (2.7) 
with U G SU{2)-ji. A possible choice of parity assignments is 

V-Mil-y) = +V'Mi(y)- (2.8) 

Again, at the point y = 0, the other fields parity transformations are determined from equations 
(12. 6p . ()2.8p and invariance of (jR8l) under the mapping ()2.5p . and they are shown in tabled} 



Vo = +l 




^5 


i?5 




^^52 


6 


Vo = -1 


pa 
^5 








V'51 
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Table 1: Parity assignments for bulk fields at y = 0. 



As periodicity condition, we impose the following twisted boundary conditions: 

(i^Mi{y + 2tiR)\ ^ f cos(27ru;) sin(27ra;)\ /'0Afi(y)\ ^20^ 
\>pM2{y + 2TiR)) V-sm(27rc^) cos{2T:to) ) \^M2{y) ) 

which correspond for lij 7^ to implement a Scherk-Schwarz supersymmetry breaking in the bulk 
|16j . In sectional it will be shown that boundary localized masses for gravitinos can be absorbed 
in a generalized Scherk-Schwarz twist. 

We must assign a parity V-,^ for each generic field if at the point y = ttR 

ip{^R + y)=VM^R-y). (2.10) 

which keeps the Lagrangian ()B.4p and the supersymmetry transformations (|B.8P invariant. 
For instance, taking for the fiinfbein the parities, 

e^i^R -y) = +el{T,R + y), eg(7ri? - y) = -eg(^i? + y) 

el{7rR-y) = -el{7rR + y), el{7rR - y) = +el{7:R + y), (2.11) 
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an agreement with table [T] and equations (|2.9p requires imposing: 

ipM+ (Tri? -y) = 'il)M+ (Tri? + y) 

i^M-{TTR-y) = -tPM-{7rR + y) (2.12) 

where: 

= cos(7ra;)V'^i - sin(7rw)-0/i2 

= sin(7ra;)V'5i + cos(7ra;)V'52 
V's- = cos(7ra;)^5i — sin(7rL(j)^/;52. (2.13) 

Invariance of the supersymmetry transformations (jB.SP under the Z2 mapping (|2.10p deter- 
mines the parities of ah other fields. The result is given in table [21 where the following definitions 
have been introduced: 

^+ = cos{ttuj)^i — sin(7rLij),^2 

^_ = sin(7ra;)^i + cos(7rLij)^2 (2-14) 







65 


B5 




■05+ 




-p. = -1 


^5 








■05- 





Table 2: Parity assignments for bulk fields at y = irR. 
2.2 Boundary branes actions 

The bulk supergravity fields presented above are coupled with matter fields living on branes. Here, 
we will consider the simplest case where the branes are localized on the boundaries yi, = 0, ttR, 
with the simplest matter content given by A';, chiral multiplets. The case with many branes 
localized on different points of 8^/7^2 will be discussed in section [5j 

Each chiral multiplet contains (on-shell) a scalar (pl and a fermionic xl fields (i = 1, • • • ,Ni,). 
These fields are coupled to the even parity bulk fields at the point y = y^- For instance, the even 
parity bulk fields at the point y = are ej^, 65, i?5, ■i/'^ji; V'52 and ^1, and they appear in the 
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Lagrangian at the brane as |39j : 



\/2 1 / \ * • ■ 



=eo/2 



-^5ir^v'^o'x?,^'^^>Mi - (s'^^^o^^or - 3) + /i.e. I, 



(2.15) 



where 



D,xl> = d^xh + lu^t^ab^^'xh + ^)kdAxo - I (Sojd^^o " ^0,* ^m'/'o') (2-16) 



and goi4'0: 4'o) is a hermitian function of the fields (j)o and i;^o- Here we have used the notations: 



Go 



- A_ 

' ~ dcpi 



Go, Go 



d 



Go , Goi 



52 



tGo. 



(2.17) 



We remind that the metric gij* , its inverse g''^ and the Christoffel symbols in the Kahler manifold 
are given by: 



92 



gir 



-Go, g^r9'*'' = 5l 4. 



d 



-9jl* 



(2.18) 



The function Go{4'o,(Po) is given, in terms of the Kahler potential Kq and superpotential Wq at 
the brane 0, by: 

Go{(po, (t>l) = Ko{(Po, (t>l) + In [VFo(<Ao)] + In [W^o(<Ao)]* • (2.19) 



(2.20) 



In the following, it will be useful to define the actio4j: 



where R{uj) and Dpipxi are defined in equations ()A.2ip and ()A.22p . respectively. This action is 
invariant under the four-dimensional local transformations: 



Sel = i 



+ h.c. 

5xh = iV2a^'^,dp4-V2e^'^/^g'^'Go,'Ci 



(2.21) 



'We take F'^^ = on the branes, for simplicity. 
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It is important, for our concern, to note the presence of a localized mass for the gravitino V'/^i 
in the Lagrangian (j2.15p . If (cj^^-^'^oj* ) is nonzero, then the field CiXq is the Goldstino associated 
with the supersymmetry breaking in the brane as indicated by its non-linear transformation in 
equations (|2.2ip . 

For the N.,^ chiral multiplets cj)]^, = li " ' " ) ^-k) the brane vr a similar discussion can 

be carried over after the following substitutions: 

brane 0^ brane 7^: [ ,^0^^- fo ^ }} ^ " (2-22) 

Ko^K^, Wo^W^. ^ ' 



3 Coupling the branes to the bulk 



Our aim is to study generic configurations where in additional to a possible bulk Sherk-Schwarz 
mechanism, supersymmetry can also be spontaneously broken through non-vanishing boundary 
F-terms for chiral multiplets. 

To make the supersymmetry breaking manifestly spontaneous, we will keep the brane action 
written as above in terms of the Kahler functions Qi). The supersymmetry breaking terms can 
be identified with the vacuum expectation values of the auxiliary fields. Coupling of these vevs 
to the bulk supergravity requires then to add new auxiliary fields to the on-shell five-dimensional 
supergravity action written in (j2.2p . This local case version is analogous to the case of spontaneous 
breaking of global supersymmetry as studied by Mirabelli and Peskin [T7], where in order to keep 
the rigid supersymmetry manifest, it was necessary to introduce auxiliary fields in the bulk. Here 
we will present a "partially off-shell" extension of the bulk supergravity with only the minimal 
required auxiliary fields. These new fields vanish identically in the super symmetric limit as their 
boundary values are proportional to the supersymmetry breaking vevs (see equations 13. 51 and 13. 6p . 
Moreover, integrating these auxiliary fields to go on-shell leads to singular terms (5(0)), again as 
in [T7] , which will require careful summation over the KK bulk states in order to extract sensible 
results. 



3.1 The auxiliary fields action 

For our purpose, we introduce two auxiliary fields denoted as u and vm- Here ti is a real scalar 
field and is a real five-dimensional vector field. 

The bulk supergravity is now written as: 

^BULK = ^SUGRA + ^AUX, (3.1) 
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where CsuGRA is still given in equation ()B.4p and Caux is : 

Caux = {uu + VMV^'') . (3.2) 

Taking into account the auxiliary fields and the brane supersymmetry breaking vevs, the bulk 
supersymmetry transformations of the on-shell fields become: 

Scm = S/Cm 
SBm = S;Bm 

= (5/V52 -4e^°/^6^(y) -4e^"/^cos(cj7r)e+%-7ri2) (3.3) 

where the supersymmetry transformations 6, were defined in equation (jB.Sp . 
Both u and are taken to be even under Z2 on both boundaries: 

u{-y) = u{y), u{TiR + y) = u{'kR- y), 

v^,{-y) =Vf,{y), Vf,{TrR + y) =Vf,{TTR-y), (3.4) 

They also obey the boundary conditions at y = and y = ttR: 

^«.l,=o = ^(^oA'/''o-^o.-9^</>;^'), i^^\=o = 0' (3-5) 



which allow matching the supersymmetry transformations for ej^ and ■f/'/ii in the brane (given 
by equation (j2.2ip ). from one side, and the supersymmetry transformations induced by the bulk 
(given by equation (jS.Sp calculated at y = 0) from the other side. A similar result is obtained for 
the brane vr after taking into account the substitutions (I2.22|) . 

3.2 The auxiliary fields supersymmetry transformations 

We will determine here the supersymmetry transformations of the auxiliary fields u and vm 
introduced above. They will be chosen such as to keep the full action invariant. 



9 



On one side, under the modified transformations given in equation (|3.3p the bulk supergravity 
action transforms as: 



5 / (fxCsUGRA 



Dn 



diDNil'i.j) 



c. 



y=TrR 



(3.7) 



where the surface terms in equation (j3.7p come from the terms proportional to 5{y) and 5{y — ttR) 
in the modified supersymmetry transformation laws for ^51 and V52- For the sake of keeping 
compact formulae, we have not explicitly written the variation with respect to the gravitinos. 

On the other side the equations (j3.2p and supersymmetry transformations (jB.SP lead to 
6, J d^xCAUx = J d^xe^i^^ {uu + vmv^) {i^if^^i'^i + ^6'7''V'/,2 + 6'05i - 6V'52 + h.c.) 

+u5,u + VMS,v'^y (3.8) 



3.2.1 Canceling the bulk terms 

We must impose transformations laws for the auxiliary fields in such a way that the bulk variations 
in (j3.7p and (jS.Sp cancel each other. This is achieved by taking: 



1 



+- 



{i^lCT^tp^l + «6o-''V'^2 + ^2lp51 - 6'052) 



7: —udCsUGRA T —u-r^ ^CsUGRA 
^J^ H77^ Qjf^^N- 



+ h.c. 



- (^^o-^'V'i.i + 'ii2(y''il^v2 + 6^51 - 6^52) 



I 



dCsUGRA ^ n dCsuGRA 
4j TTTP. ^J^N- 



+ h.c. 



= "2^5 {i^icr^i^ui + i^2cr''i'u2 + C2V'5i - S.ii^52) + h.c. 



(3.9) 
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Using equations ()3.7p and (|3.8p it is easy to check that 



I 



6 / (fx£.suGRA + S> / (I^xLaux 



— Id xe4 



8e^o/2^icT^"Z)^V.i + h.c 
Se^-/^i+a^'^D^ij^+ + h.c. 



y=0 



y=TTR 



(3.10) 



3.2.2 Canceling the boundary terms 

The above bulk variations need to completed to include the variation of the boundary brane 
actions. This will determine the final modification 5/ — > 5 of the transformations laws for the 
auxiliary fields that make the full action invariant. 

To calculate the variation of the brane action under the supersymmetry transformations one 
could simply plug (|3.3|) in (|2.15|) . This is straight forward but quite long and tedious. Here we 
exhibit a trick that permits one to find the variation of the brane action in a much shorter way. 
Invariance of the action (|2.2U|) under the supersymmetry transformations (j2.21|) implies 



5 J d^xCo 

S Minimal Sugra 



Minimal Sugra 



j d\ I -ie4i?((i) + e^ef^'^P^^^.a.DpiJxi } • (3.11) 



Note that the action SMinimai Sugra is invariant under the following supersymmetry transforma- 
tions: 



hi.s.e"^ = i (CifJ^i^f,!) + h.c. 
Hi. s.^ ill = 21)^^1, 



(3.12) 



where D^£,i is given by equation ()A.22p . which makes it easy to calculate the supersymmetry 
variation of the brane action: 



c. 



(3.13) 



Given the parity assignments for the fiinfbein of table [H equations ()A.20p and ()A.22p imply 
D^ip = Dfj_ip on the boundary at y = 0. The boundary conditions (|3.5p leads then to: 



S / d^xCo = / d'^x 



c. 



y=0 



(3.14) 
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The same analysis can be made for the brane ir through the substitutions (|2.22p in the above 
formulae. The result is: 



6 J d^xC^ = J (fx [e4 {ie^''''^Vf,i^a^Dpil:),+ + Ae^^''^^+a^'' 0^^^+ + /i-c.)] ^_ ^ . (3.15) 



To achieve a fully invariant "bulk plus branes action" the auxiliary fields transformations are 
modified as follow: 



5u 

5V5 



5/U 



6,V5. 



(3.16) 



The coefficients c^o fmd c^tt are determined by putting together the different pieces of the variation 
of the total action given in (jS.lOp . (j3.14p and (j3.15p to find (at first order in c^q and c^tt): 



6S = J d^x!^[e4ie>"'P\f,Cia^Dp'^xi + h.c. 



y=0 



+ 



e4ie^''P\^+a^Dpi{jx+ + h.c. 



+ - 



5 A* 



y=o ^ 2 L 



y=TTR 



y=iTR 

(3.17) 



It is easy to check that if we take: 



-2ie5e'^^''^ei^.^pV'Ai + h.c. 
-2ie\e^'^P'^l+a,Dp,ljx+ + h.c. 



(3.18) 



the total action variation is zero to first order in Cq and c^. Note that the expressions for Cq and 

are quadratic in the spinor fields, so within our approximation, where the four-fermion terms 
in the Lagrangians are dropped, we have 5S = 0. 

The bulk plus brane action (|2.ip is then invariant if we use the transformations (13. 3p and 
()3.16p . the parity assignments of tables [1] and [21 as well as the boundary conditions (|3.5p and 
(13. 6|) . These results are summarized in appendix [B] for future reference. 



3.3 Discontinuity of spinor bulk fields at the boundaries 

An important consequence of the presence gravitino masses localized on the branes is the appear- 
ance of wave functions discontinuities (see |28)). We provide below a straightforward generalization 
for the case w / 0. 
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The equations of motion for the gravitinos ipfj^j can be seen from the Lagrangians (|B.6P and 
(|RTo1) to take the foiiM 

-2 (|e^-/2^ cos{ujTr)a^"''il;u+S{y - ttR) + ■ ■ ■ = 

_ie/^-pA^^g^^^^_^M-5^^^^^2^e^-/2^sin(u;^)a^>,+,5(y-7rii) + --- = (3.19) 

where • • • stands for terms which involve other fields that couple to the gravitinos and that we 
drop for the purpose of our discussior^l The four-dimensional equation of motion for gravitinos 
ip^l of mass m3/2: 

e^^'^P^a.dpi^^r = -2m3/2a^>./ (3.20) 
leads then to the following equations: 

SsV'Ma + "i3/2V'Mi = 2(e^°/2^V'/.i'5(y) + 2(e^-/2^cos(u;7r)^^+5(y-7ri?) 

SsV'/.i - "^3/2V'/.2 = 2(e^-/2^sin(w^)^^+<5(y-7ri?). (3.21) 

It can be clearly seen from equations p.2ip that ip^i is a continuous field near the point y = 
and "i/^^-i- is a continuous field near the point y = ttR. In contrast, ^/)^2 has a jump at the point 
y = while ip^- has a jump at the point y = ttR, their first derivative being proportional to a 
Dirac 5 distribution - see Fig. 1. 

More precisely, integration of equations ()3.2ip near the points y = and y = ttR, taking into 
account the parity assignments of tables H] and [SJ leads to the following discontinuities of the odd 
gravitinos wave functions: 

lim J^2{y)=M0+) = (e^°/')V/.i(0) = -V/.2(0-) 
hm V/.-(y)=V'/.-(vri?-) = -(e^-/2)V;.+ (vri?) = -V;.-(vri?+) (3.22) 

From the transformations of the gravitinos ^/^^/ in equations (1B.15|1 it is easy to see that (13.221) 
lead to the following boundary conditions for the supersymmetry parameters: 

6(0+) = (e^«/')ei(0) = -C2(0~) 
i_{^R-) = -(e^-/2)^+(^i?) = -e-(^i2+). (3.23) 

^we assume e^, — 1 

^This amounts to keep the quadratic terms and consider the interaction terms as perturbations. 
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Figure 1: The two bulk gravitinos wave functions along the compact dimension. The discontinu- 
ities are due to the presence of brane localized masses for the other gravitino component. In this 
example u) = 1/2. 

Interesting to observe is that these boundary conditions insure that the modified transformations 
of "057 are non singular: the terms proportional to 5{y) and 6{y — ttR) cancel with those coming 
from the derivatives ^5^2 near y = and d^^,- near y = irR. 

We end this section by a comment on the relation between the so-called orbifold approach (used 
here) and the interval approach. We do not seem to bother about boundary terms that arise after 
integration by parts along the fifth dimension, while it is a central issue in the interval approach. 
Here, we illustrate, through an example, how the previous construction can be understood in the 
interval approach. 

In order to perform the variation of / d^xCsuGRA in (j3.7p we integrated by parts in the y 
direction. If the odd gravitino fields are allowed to be discontinuous in the branes the wave 
function ipfj,2{0^) and ijj^-{'KR^) may be nonzero. So, in the interval approach, one should care 
about the following surface terms in 5 J d^xCsuGRA '■ 



5 d xCsuGRA 



SurfaceTerms 



d^X 



. dCsUGRA I c , -E \ , u 



y=TTR 

(3.24) 

y=o+ 
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The Lagrangian ([R6ll leads to 



S / (fxCsuGRA = i / d'^x[e/^il^+a^''' {v^i- +ua^i_) 

•J SurfaceTerms J 

-V'/.2(t'^" {vf^Ci + ua^l,) + h.c] ^^0+ (3.25) 
and the boundary conditions ()3.22p and ()3.23l) imply: 



/ 



5 / d^xCsUGRA 



= (3.26) 

SurfaceTerms 



4 Inclusion of a generalized Scherk-Schwarz mechanism 

An important issue is the relation between bulk and brane localized gravitino masses and the 
twists in Scherk-Schwarz compactifications. This section collects a few results. Most of them, if 
not all, are probably known, but we rederived them as they will be useful in the rest of the paper. 
It also introduces some notations. 

It is often useful to work in a basis of periodic fields V'M/ ( ie. V'M/(a;, y + 2t[R) = ipMi{x, y)) 
in contrast to the multi-valued ipMi used up to now. These are related by the rotation: 



V-MiA ^ f cos[f{y)] sm[f{y)]\ fipui 
ipM2j \-sm[f{y)] cos[/(y)]y \i)M2 

The function f{y) must obey f{y + 27ri?) = f{y) + 2ujtt. Here we follow [28] and take: 



(4.1) 



f{y) = ^y + — ^ — e(y) + — ^ — v{y) (4.2) 

with t:u}b -|- -|- 0^ = lvtt. e{y) is the 'sign function' on S^: 

e{y) = +1, 2kTTR < y < {2k + l)TrR, keZ 

e{y) = -1, {2k - 1)ttR <y < 2k7rR, keZ (4.3) 
and ri{y) is the 'staircase function': 

r]{y) =2k + l, knR < y < {k + l)TrR, kGZ (4.4) 
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The supersymmetry breaking mass terms for the gravitinos is then manifest as we perform 
this fields transformation in the kinetic terms of the Lagrangian (|B.6P to give: 



-2el (i^5lCT'"'Dpi^,2 - 4^52<T^''Dp^P,^ 

-{^ + 2no5{y) + 2nj{y - vri?)) (v^^icr^^.i + i'p2CT'"'i>,2) + /i-cj. (4.5) 

The locahzed mass terms in (j4.5p imply discontinuities for the gravitino wave functions. They 
are too singular to apply the variational principle without regularization. In reference [28j it was 
shown that the Lagrangian density (j4.5p is equivalent to the action: 



f27rR 

S Kinetic = / dy j <fx{ ^65 



1 



-e 



+el (i^pia^'''D5i^,2 - ^m2^t'^"1)5^.i) - 2el (^iP^icr^" Dp^,2 - ^b2<y^'' D^^.i) 



- [tan(0o)5(y) + tan(n^)^(y - vrfi)] e^V^^^j^'^V^,! + /i.c.j . (4.6) 

with the fields now being piece-wise smooth. 

In order to study the supersymmetry transformations of the fields Vm/ it is convenient to 
regularize the field rotation (j4.ip by introducing a regularized function freg{y) instead of the 
discontinuous function f{y). The continuous function freg{y) obeys: fregi—^) = — ^^O) freg{0) = 0, 

f regie) = ^0, freg{T^R-£) = ^O + T^LOB, /reg(7ri?) = l^o + ^^tt + VTWfi , /reg(vri? + e) = VLq + 2VLt, + -KUJb- 

To get the final results it suffices to take the limit e — > in the desired expression. 

Going to the new basis requires then the following redefinition for the supersymmetry trans- 
formation parameters, 

COs[freg{y)] sixi[freg{y)]\ r . 



^ ( COs[freg{y)] Sm[freg{y)\\ (ll 
\- Sm[freg{y)] COs[freg{y)] ) V6 
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and the super symmetry transformations (jB.lSP take now the form: 



S-ip^i = 2D^|i + iv^li + iua^ii H 

= 21)^12 + + iucF^T,2 H 

#51 = 2Ddi + 2^i, + ... 

dy 

54^52 = 2Z?56 - 2%^6 - 46^"/' - 4e^-/' 6% - TTi?) + • • • (4.8) 
dy 

where • • • stand for terms which are proportional to F^^^ . 

It is important to note that the fields V'si and ^52 transforms non linearly under supersymmetry 
transformations: they are the Goldstino fields associated with the supersymmetry breaking in the 
hulk, as expected. 

The new brane field transformations and boundary conditions can be easily obtained after 
noticing that these redefinitions (j4.ip and (j4.7p imply for the brane at y = vri?: 

V'^+(7ri?) = e+ (vri?) =6 (vri?), V^- (^^) = V^m2 (^i?) , i-{^R)=U^R). (4.9) 



Of main interest in the generalized Sherk-Schwarz mechanism is the interplay between bulk 
and brane localized gravitino mass terms in order to keep or break supersymmetry. Given that we 
have explicitly obtained all the supersymmetry transformations, it is very easy to us to answer this 
question by looking for Killing spinors. Explicitly, we consider the supersymmetry transformations 

()4.8p evaluated with the appropriate background and search for spinors ^/ which obey 5ipMi = 0. 

The interesting equations arise from 61^51 and 5^52- 

556 + ^6 = 
dy 

556-^6 = 2(e^o/2) 65(y) + 2(e^^/2) |i<5(y-^i?). (4.10) 
The parity transformation assignments of tables SJ and equation (|4.7p imply: 

li (-y) = +I1 (y) , ii {t^R -y) = +li {t^R + y) 

U-y) = -6(y), 6(vri? -y) = -U^^R + y) (4.11) 

Integrating equations (I4.10p at y = and y = vri? and taking into account (14. lip we deduce that 
.^1 is a continuous field near the points y = and y = irR and that ^2 has a jump at the points 
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y = and y = ttR: 



6(0+) = (e5«/2) ei(0) 
6(7ri?-) = -(e^-/^) U^R) (4.12) 



The solutions for the Kilhng equations ()4.10p in the interval < y < ttR with the first 
boundary condition in ()4.12p are given by: 

iiiy) = 6(0){cos[/,e5(y)]-(e^°/2) sin[/,e,(2/)]} 

Uy) = |i(0){sin[/,,e3(2/)]+ (e^°/2) cos[/,es(y)]} (4-13) 
The second boundary condition in (j4.12p leads to the following relation: 



Go/2\ (e5^/2\ _ I 



tan[/reg(vri?)] 



=^ Oo + n,r + 7rwB + arctan(^^e^"/^^^ +arctan(^^e^''/^^^ = nvr, (n e Z) (4.14) 

It is sometimes useful to introduce the angles 0b ( 6 = 0,7r) defined by (e^''^^) = tanOf,. Then, 
equation (j4.14p takes the simple form: 

tan(a;7r + Go + e^) = (4.15) 

Equation (j4.14p is one condition that indicates when supersymmetry is not spontaneously broken, 
other conditions are obtained by studding the supersymmetry transformations of the fields xo 
Xn in the branes. They imply Nq + extra conditions for the existence of Killing spinors: 

eW2g^\=0, (e^^/^g^^=0. (4.16) 



5 Suspending branes in the bulk 

In this section, we generalize the previous results for the case with multiple branes. More precisely, 
we consider + 1 branes placed at the points y = yn, n = ■ ■ ■ N with yo = 0, j/at = ttR, and 
yn < yn+i- The total action is given by: 



S 



/ dy I (fx -Cbulk + y^^Cn5{y 

•^0 J n=0 



(5.1) 
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Every "brane n" will be characterized by the choice of the bulk fields, in particular the grav- 
itino, that couple to its worldvolume. These are in fact determined as being the even fields under 
the Z2 action at the point y = i/n- 

^eveniVn + V) = Vn^PeveniVn - V) = ^eveniVn " V)- (5-2) 

We adopt the parity transformations shown in table [3l where the following definitions have been 
introduced: 





= cos(9n)'^p^_tl - sm{9n)'^p^^2 


V- 


= sm{en)ipfii + cos(6'„)-0/,2 




= sin(6'„)V'5i + cos(6'„)V'52 




= cos(6l„)V'5i - sin(6'„)V'52 




= cos(6l„)^i - sin(6'„)^2 




= sin(6'„)^i + cos(6'„)^2 



The case of boundary branes discussed in previous sections corresponds to = and 9^ = ujtt. 



Vn = +1 


pO. 


p5 












U 


Vn = -l 


pa 
65 












V5 





Table 3: Parity assignments for bulk fields at y = y, 



The Lagrangian density and supersymmetry transformations for the worldvolume fields living 
on the brane n are given by equations (|2.15p and (|2.21|) after the substitutions: 

The bulk Lagrangian density is given as before by equation (|B.2p . with supersymmetry trans- 
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formations given by: 



5Bm = S/Bm 

N 

n=0 
N 

Si^52 = <5,V52-4j^e^"/2^os(0„)e+"5(y-yn) 

n=0 

6u = 6,u 

N 
n=0 

5v5 = 6,V5 (5.5) 

where the transformations 6/ are given in equations (jB.SP and (j3.9|) . 

We also impose boundary conditions at y = y„, these are given by the obvious generahzation 
of (13. 5p and (13. 6p . With these boundary conditions and the parity assignments of table [3] the 
action ()5.ip is invariant under the transformations ()5.5p . 

Consider the case of localized gravitino masses M„ that include the branes F-terms and gen- 
eralized Scherk-Schwarz contribution written in 14. 6[ Repeating the analysis of section 13.31 for the 
gravitinos equations of motion shows that the field is continuous at the point y = Hn while 

the field "0^1 has a jump at this point: 

lim =^"_(y+) = M„V^';(yO- = -V-(yn) (5.6) 

y-*yn, y>y,i 

The corresponding boundary conditions for the supersymmetry transformation parameters at the 
point y = Un are: 

C'iyi) = Mn^;\yn) = -CiVn) (5.7) 

Supersymmetry can remain unbroken for a peculiar choice of localized and bulk gravitino 
masses, following the same lines as section [H Again the equations of interest arise from requiring 
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5ip5i = and (5V'52 = 0: 



N 



d^ii-2Y,MnSin{en)i^5{y-yn) = 

n=0 

N 

956-2j^M„cos(0„)e+"<5(y-yn) = (5.8) 

ra=0 

Integrating equations (jS.Sp near y = Um taking into account the parity assignments of tabled 
shows that are continuous fields at y = y„ while have jumps at these points given by (j5.7p . 

The solution of equations (jS.Sp in the interval Vn < y < Un+i with the condition ()5.7p can be 
written as: 

ct\ M„ cos(6'n) - sin(6'n) ^- r ^- / ^ a i e i 

^'^y^ = cos(g„)+M„sin(g„) ^^1^=^"^ = - ^^1^=^^ • 

then using (|5.7p evaluated at t/n+i, gives the following conditions: 

e^n+i - 6'n + arctan(Mn) +arctan(M„+i) = /cvr, (/c G Z) . (5.10) 

These N conditions generalize equation ()4.14p for the multi-brane case. When one of the 
relations (|5.1Up is not satisfied, the Killing spinor equations have no solution and supersymmetry 
is spontaneously broken in the hulk by a non trivial Scherk-Schwarz twist. The other necessary 
conditions for supersymmetry not to be spontaneously broken are the direct generalization of 14.161 



6 The super-Higgs mechanism 



In section m we studied the supersymmetry breaking induced by non-periodic boundary conditions 
for the gravitinos. Here, we turn our attention to the i^'-terms of chiral multiplets living on the 
branes worldvolume. More precisely, we will determine the condition for supersymmetry breaking 
and study the super-Higgs effect associated. 

We will perform our study in the simplest case with no branes in the bulk other than the 
boundary ones at y = and y = irR, as it contains all the qualitative features. Equations (I2.2ip 
and (|4.8p show that four fields ip^i, iIj^2, Xo Xtt transform non linearly under supersymmetry 
transformations. These are the "local would be Goldstinos" associated with breaking of super- 
symmetry in the bulk and in the two branes respectively. As we have two gravitinos then two 
local would be Goldstinos will be absorbed in the super-Higgs effect to give mass to the gravitino 
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fields ip^i and 'ip^2, while two linear combinations of the fields -051, -052 5 Xo and Xn remain as 
pseudo- Goldstinos. 

To keep the formulae explicit, we will make a number of simplifications: 

• We impose a zero tree level cosmological constant at each brane. This implies that the 
vacuum expectation values of the bosonic fields are: 

{g'^' GoiGoj*) = 3, {g'^'Goj* {Goki - '^iiGoi) + Gok) = 0, 

{g'^'Q^iQ^r) = 3, {g'^^Q^r {Q^m - r^a^O + Q^k) = o, (6.1) 



the second and fourth equalities in equations (j6.ip come from the extremisation of the scalar 
potential at the branes and tt. In appendix[C]one explicit example of Kahler function which 
satisfies (|6.ip is presented. 



• We will consider that the boundaries gravitino masses arise through explicit F-terms for the 
boundary supermultiplets as 

Mi,= ^6^"/^^ with 6G{0,7r} (6.2) 

while the terms ia'a.{Vtb) arise from a generalized Scherk-Schwarz mechanism and are ab- 
sorbed by redefining the bulk twist ujb by lob initial — > 103=^3 initial + = 

• We adopt the following notation: 

Xo = {Qoi) Xo 

X. = ^{Q.^))^^. (6.3) 

and we assume that the kinetic terms are canonically normalized: gij* = 6ij* + • • • . 

• From now on, we drop the overscript ~ ovei the fields defined in (j4.ip . 

In order to study the super-Higgs effect we will concentrate on the bilinear terms of the 
fermionic fields: ip^i, ip^2, tp5i, ^52, Xo and Xn- These can be extracted from equations ()2.15p and 
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5]) and they take the form: 



1 ( 1 



^ 



+5{y - ttR) I ---^^a^d^x. - 



2 



+ h.c. (6.4) 



6.1 i?g gauge 



Here we will use the analogous of gauges of non abelian gauge theories. This kind of gauge 
fixing in supergravity theories was first discussed in [40]. Our discussion follows and generalizes 
the simpler case of pure Scherk-Schwarz breaking studied in [31] . 

Some field redefinitions allow obtaining standard kinetic terms for the fields ^5/: 



-051 
-052 



1 



2 , 



V6 



52- 



(6.5) 
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leading to the Lagrangian density: 



1 fl 



2 2 



^ 



'51 



—I- 



V'^lfT'^^V.l +i\{X0+ ?52) ^''V'Ml 



+ (xo + ^^52) (xo + ^^52) 



+ 5{y-T^R)l - -x^af'd^Xn 



\/6 

i^f^icr^^il^ui + i— (Xtt + V'52) o^'^V'mI + (Xtt + ^^52) (Xtt + ^^52) 



+ /I.C. (6.6) 



instead of (E 



The gauge choice is made by the addition to the Lagrangian density of the gauge fixing 
term: 



Cgf = -y^ {hi^^d^hi + h2af'd^h2) 



(6.7) 



where 



d- 



-92 



(6.8) 



with 



ijj 



gi = ^s-iAsi + ;^'052 + 25(y)Mo {xo + ^^52) + 25{y - ■kR)M^ (x^ + ^52) 



92 



d5lp52 - -^-051 



(6.9) 



and is a free constant gauge parameter. 
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It is straight forward to check that this gauge fixing term provides the cancellation of mixing 
terms between gravitino and Goldstino fields, which is the aim of our gauge choice : 



+V'5l55'052 - ^5295^51 - ^ {l/jij.lCr'"' ll^ul + V'm20'^''V'i/2 + ^5lV'51 + '052V'52) 

+5{y - ttR) f^-'-x^a^df.Xn - + iXn + 4^52) {Xn + ^^52)]^ 

-^8? [91-^91 + 92-^92 J + h.c. (6.10) 

As expected the position of the poles in the propagators of the fields tpMi, Xo Xn will depend 
on the gauge parameter ^, but of course the gauge invariant operators and S-matrix elements 
should not depend on the parameter ^. 



6.2 Unitary gauge 

The unitary gauge can be recovered from the gauge in the limit ^ 00. In this gauge, the 
gravitino propagators have poles at their physical mass and the unphysical degrees of freedom 
(would-be Goldstinos) are eliminated, absorbed to provide the longitudinal components for the 
gravitinos, through the super-Higgs mechanism. 

We first discuss the gravitino equations of motion in the bulk-branes system. The equations 
of motion for the gravitinos ip^i{y) in the unitary gauge can be extracted from the Lagrangian 
(fO0|l in the limit ^ ^ 00: 

- Je'^^^V.apV^;,! + (T^'^asV'.s - = 2Moa'^>.i<5(y) + 2M^a'^>,i<5(y - ttR) 

Z XI 

-^e'^"^V,9pV^;,2 - ^'^"^sV.i - ^ct'^^.2 = (6.11) 
Z Jrt 

Assuming the gravitinos have a four- dimensional mass 

e^^'^P^a.dpi^^r = -2m3/2fT^>./ (6.12) 
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their equations of motion can take the form: 



UJ 



SsV'mI - ("^3/2 - ^) i'f^2 = 



(6.13) 



Integration of the equations (I6.13P near the points y = and y = ttR, taking into account the 
parity assumptions, leads to the fohowing expressions for the discontinuities of the odd gravitino 
fields: 



V'm2(0+) = Mo V'^i(O) = -V';.2(0-) 



(6.14) 



It is then straight forward to find a solution for the equations (|6.13p in the interval < y < ttR 
satisfying the first condition in (I6.14p : 



V'Mi(y) = {cos [m^i 



+ Mo sin (^7713/2 - ^) y } V'mi(O) 



- ^) y 



sm 



-3/2 - ^ j y 



}V',.i(o). 



(6.15) 



The second condition in (j6.14p is then used to determine the gravitino mass: 

7713/2 = H 75 [arctan (Mo) + arctan (Mj^)] + — , n G Z 

R ttR ^ 



R' 



(6.16) 



In remaining of the of this section we will concentrate on the would-be Goldstino fields ip5i{y), 
i^b2{y)i Xo and Xtt- Note that the Lagrangian density (|6.10p shows that, in the unitary gauge 
^ — > oo, a stationary action (in order to derive of the equations of motion) is possible if 5i = 92 = 0, 



I.e.: 



-25{y)Mo (xo + V'52) - 25{y - 7rR)M^ (x^ + V'l 



'52 J 



95V'52 - -^Ipbl = 0. 



(6.17) 



which imply that the fields i^5i{y), in the interval < y < ttR can be written as: 

1 



V'52(y) 



/ttR 

1 



cos (^^y + 0^x1+ sin (^^y + & ] X2 



sin I + ^) ^1 ~ cos + ^)X2 



(6.18) 
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where xi and X2 are y independent 4d spinors and ^ is a constant which corresponds to a choice 
of basis for xi and X2 ■ 

Integrating equations ()6.17p near y = and y = tt we deduce that: 



V^5i(0+) + Mo[xo + V'52(0)] = 



(6.19) 



which imphes (for M^r 7^ and Mq 7^ 0): 



1 



X-n 



Xo 



/ttR 
1 



- sin(a;7r + 6) + —— cos(a;7r + 9) 

IVl'jr 



XI + 



cos(w7r + 6) + — — sin(a;7r + 

iVl'jr 



X2 



/ttR 



sin(9) + -^cos(6l) 
^ ' Mo ^ [ 



XI + 



cos{e) - — sm(0) 

^ ^ Mq ^ \ 



X2- 



(6.20) 



Here we see how the super Higgs mechanism operate, from the original two 5d and two 4d 
degrees of freedom {tp5i{y), tp52{y), Xo and Xn), an infinity of Kaluza-Klein modes is absorbed to 
give mass to the fields ip^i{y) and V'/t2(y) and only two degrees of freedom remain in the unitary 
gauge: the pseudo Goldstinos xi and X2- 



6.3 Comment on F-terms versus generalized Scherk-Schwarz mechanism 

The equation (|6.16p raises questions about the possibility to express spontaneous breaking with 
F-terms ( and all the gravitinos and pseudo-Goldstinos masses generated) as a generalized Scherk- 
Schwarz twist, in parallel to the case of 0^ in ()4.14p . This is not possible, as can be seen by the 
following arguments. 

In order to have an equivalence between the brane mass terms and a generalized Scherk- 
Schwarz twist one should be able to expresses the discontinuity of the fields ■05/ at y = and 
y = ttR as an SU{2)-ji rotation like in ()4.ip . This means that in order to be associated with 
a generalized Scherk-Schwarz twist the effects of the brane mass terms must be described by a 
generalized twist. So one should be able to find a rotation such that: 

/V5i(0+)\ /cos(a) -sin(a)\ /V'5i(0-)\ 

^(0+)^ Vsin(a) cos(a) J ^2(0");' ' ^^'^'^ 
But equations (|6.18p imply: 

^^51(0+) = ^ [cos (0) XI + sin (0) X2] = -V'5i(0-) 

^^52(0+) = ^ [sin (6) XI - cos {6) X2] = ^^52(0-). (6.22) 
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Note then that matching equations (j6.2ip and (|6.22p for the coefficients of xi one finds a = 
29 + TT, while if one matches the coefficients for X2 in (|6.2ip and (|6.22p one finds a = 26. This 
incompatibihty shows that can not be casted as tan{Qb), as in (|4.6p . 



7 The pseudo-Goldstinos spectrum 



In the previous section we have shown how some would be Goldstinos are absorbed leading to 
massive gravitinos. Here, we will discuss the spectrum of the remaining pseudo-Goldstinos. More 
precisely, we will analyze some limits or approximations which allow to display compact formulae. 
The general case is treated in Appendix [Dl 

We will restore the explicit dependence on the (reduced) five-dimensional Planck mass M5 = 
K^^. It is related to the four-dimensional Planck mass M4 bj|§ 

ttRMI = M|. (7.1) 
The lightest four-dimensional gravitino mass can be read from ()6.16p : 

777-3/2 = — H — [arctan (kMq) + arctan (kM^)] , (7.2) 

R ttR 

where Mb = (e'^^^^/'^\ with h G {0,7r} arise from boundary F-terms. In the four-dimensional 



/ 

limit KMb << 1 the approximate gravitino mass is: 



To identify the pseudo-Goldstinos mass eigenstates we shall plug (j6.18p and (|6.20p in the 
Lagrangian (I6.10[) . integrate over the y dimension, diagonalize and canonically normalize the 
kinetic terms of the fields xi X2 and finally diagonalize their mass matrix. This is a tedious 
task, the resulting mass eigenstates are given in the appendix iDl Let us discuss in more details 
some particular cases. 



7.1 Supersymmetry breaking on a single brane 

Consider the case where the supersymmetry breaking is realized by a combination of a Scherk- 
Schwarz twist u; and a single F-term, say on the brane placed at y = 0. This corresponds in 
our generic formulae to M^^ = and Xtt = 0. Choosing a basis for xi and X2 corresponding to 

^ We recall that in our conventions the four-dimensional Planck mass M4 is related to Newton's constant G by 
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6 = — wvr equations (j6.18p and (j6.19p imply xi = 0- So, as expected, only one degree of freedom 
X2 remains in the unitary gauge. 

Substitution of ()6.18p and (j6.20p in (j6.10p . integration over y and redefinition of the fields to 
canonically normalize their kinetic terms allows identifying the eigenstate, we denote as ipi, with 
mass: 

2Mo sinfwvr) IkMq cos(a;7r) + sinfcjTr)! 
mi = ^ — ^ (7.4) 

k-kRMq + [kMq cos(w7r) + sin(u;7r)] 

The original would-be-Goldstinos are written in terms of the pseudo-Goldstino as given by ()6.18p 
and (16.20p in the unitary gauge, which in the present case reads: 



Wbi [y) = I = sm 

'k-kEM^ + [kMq cos{uJTr) + sin(u;7r)]^ 



"01 



V52{y) = ; =COS 

kttRM^ + [kMq cos(u;7r) + sin(a;7r)]^ 



■01 



kMq cos(Lon) + sinfwTr) , ,„ ^, 

XO = ^ V'l (7.5) 

kttRMq + [kMq cos(a;7r) + sin(ci;7r)] 

Let us discuss some particular cases which might bring to the reader some more intuition on 
what is happening: 

• Case w — > 0: 

We first discuss the case of vanishing twist. The equations (j7.5p become: 

mi ~ > 

ttR + K 

V'5i(y) - 

V'52(y) ^ — ^=i==V'i 

There are two ways to understand these results. First, from "a global view", for a; = the 
Z2 projected out the odd zero mode of V'si , V'5i being continuous this implies V'si = 0. The 
other way is to consider "a local five-dimensional description" where the gravitino il)^2 eats 
the fermion with the same Z2 parity, i.e. Vsi- The remaining gravitino Tp^i absorbs the 
linear combination V52(0) + xo arid reminds the orthogonal combination ip^2{^) — Xo ~ V'l 
as a pseudo-Goldstino. The only source of mass for this state is the bulk mass term. 
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Case Rk ^ oo: 
This limit gives 



mi 

V'52(y) 

Xo 



2sin(ti;-7r) [kMq cos(w7r) + sin(u;7r) 



k-kRMq 



1 



1 



sm 



■01 



: COS 



Vk-^ttR 
kMq cos^lott) + sin(a;7r) 



^1 



VkttRMq 

which agrees with the fact that the absorbed Goldstino on the brane y 



(7.7) 

is given by 



(^7^ + '052 + Xo)(0^) and the one eaten at y = vr is ip5i{irR ). 



Case u> = 



mi ~ 



V'5i(y) 

■052 (y) 



2Mo 



KirRM^ + 1 



kMq 



= cos ( I V'l 
1 V2i?/ ^ 



Xo - 



^/K^TRMf+ 

■ ( y \ , 

— , sm — - ipi 

y/nnRM'^ + 1 \2RJ 



^1 



y/nnRM'^ + 1 



(7.8) 



in which case one notes that ■052 decouples from the brane at y = while the absorbed state 
is -051(0+) + kMoXo- 



7.2 Hierarchical supersymmetry breaking on the boundaries 

In this section we switch on a large supersymmetry breaking F-term in on brane at Mj^ i.e. 

>> Mq. Our results assume explicitly that a; / 0. They are not generically valid for a; = 
which will be presented in section 17. 51 We will exhibit the first orders in an expansion in kMq 
for the pseudo-Goldstinos mass matrix eigenvalues and eigenvectors. At the leading order, this is 
diagonal in the basis for xi and X2 corresponding to 9 = 0. The mass eigenstates are denoted as 
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ipi and and have masses given, respectively, by: 



^ 2sin(^^) [kAU cos(a;7r) + sin((j7r)] ^ ^ (k^m^) 

sin(c<J7r) [kM-,^ cos{ujit) + sin(a;7r)] + [irR + 2k — 3Ksin(w7r)2] kMqM^ ^ ^' 

2M^ sin(a;7r) [kM^ cos{ujtt) + sin(a;7r)] 

m2 = 2" + ^ (^^oj • ( ' -9) 

kttRM^ + [kMtt cos(w7r) + sin(u;7r)] 

As in the previous section, the fields '4'5i{y), ijj52iy), Xo and Xn are written in terms of the pseudo- 
Goldstinos as: 

ip5i{y) = I ^^'^ = sin (^y) 4^2 + (kMo) 

KTiRlvQ + [kMtt cos(a;7r) + sin(a'7r)]^ 

Wb2{y) = =cos[—y\ip2 + [kMo) 

kttRM^ + [kM^ cos(a;7r) + sin(a;7r)]^ 

XO = ^i + 0{kMo) 

kMt^ cosfwTr) + sinftijvr) , ^ . , ^ x /r, -, 

= ^ ^ ^ ^ V^2 + 0(AtMo) (7.10) 



kttRM^ + [kMtt cos(a;7r) + sin(a;7r)] 

Note that the results obtained in section 17.11 can be derived from these formulas by taking 
Mq = and interchanging the branes and vr. 



7.3 The 5D or large extra dimension radius limit 



In this section we consider a very large extra dimensional radius, R >> k, RMq >> 1 and 
RMj^ >> 1, such that the set-up is truly five-dimensional. We will compute the pseudo-Goldstinos 
mass eigenvalues and eigenvectors to leading order in a perturbation series in k/R. 

At leading order, the mass matrix is diagonal in a basis for xi and X2 corresponding to an 
angle 6 given by: 

kMqM^II - cos(2a;7r)] - Mosin(2a;7r) 



tan(26') 



+ Mo cos{2ujtt) - kMqM^ sin(2a;7r) 
We choose 9 in the range —it/ 4 < 6 < 7r/4. The the mass eigenstates ipi and t/j2 have masses: 



(7.11) 



mi 



kttR 



+ 



RZ/2 



1712 



kttR 



1 1 



+ 



(7.12) 
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respectively, where 



1 + [tan(2e)]2 [Mo M, 



H — - - Ksm(2a;7r) + tan(26') 



K — Kcos(2a;7r) 



sin(2LiJ7r) 



(7.13) 

The original would-be-Goldstinos "051 "052 Xo and Xn are written in terms of the pseudo- 
Goldstinos ipi and 02 as in (j6.18p and (j6.20p . which read now: 



051 (y) 

052 (y) 



K 

'ttR 




COS (^^y + e^^pl+ sin (^^y + 0^ ip- 



sin ( ^2/ + 6') V'l - cos {^y + e]il)2 



Xo 




sin(6') H — -cosfe) 



'kR 



cos(6') \— sin(0) 



02 + 



Xt, 



K 



■ sin(a;7r + 6*) H — — cosfwTT + 



01 



+ 




cos(ti;7r + 9) -\ — — smiuji: + 

kMtt 



(7.14) 



7.4 The 4D or small extra dimension radius limit 

In this section, we discuss the four-dimensional limit corresponding to the case of a very small 
extra dimensional radius, RMq << 1 and RM-,^ << 1. At the leading order, the mass eigenstates 
01 and V'2 have masses given by: 



_ (Mo + M^) sin(w7r) + 2kMoM^ cos{ujtt) + VA 
~ K (Mo + M^) cos(a;7r) - (k2MoM^ - 1) sin(w7r) 



_ (Mo + M^)sin(w7r) + 2KMoM^cos(tJ7r) - VA 

~ K (Mo + M^) cos(LJ7r) - (k2MoM^ - 1) sin(a;7r) ^ ' ' 

respectively, where now A stands for 

A = (Mo - M^)2 sin(L^7r)2 + 4 (kMoM^)^ (7.16) 
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Again, at the leading order, the four initial would-be-Goldstinos are expressed in terms of the 
pseudo-Goldstinos and 1/J2 as: 



V'5i(y) 
V'52(y) 



xo 



Mq [sin {^y - lott) - kM^ cos {^y - ujtt)] xo + [sin {^y) + kMq cos (^y)] x^r 
(Mo + M^) cos(a;7r) - (kMqM^ - sin(u;7r) 

-Mq [cos (|y - u;^) + kM^ sin (^y - cjtt)] xo - [cos (^j/) - a^Mq sin (|y)] Xtt 
(Mq + M^) cos(a;7r) - (kMoM^ - k'^) sin(u;7r) 



(Mo - AU) sin(^'7r) + \/A 


t/'l + 2KMoMn^2 




A + (Mq - M^) sin(u;7r)\/A 





-2KMoM^ijji + 


(Mq - M^) sin(a;7r) + VA 


■02 




/2 


A + (Mo - Mtt) sin(w7r) VA 





(7.17) 



7.5 No Scherk-Schwarz twist 

Another simple case corresponds to having the localized F-terms in the branes as the only source 
of supersymmetry breaking, i.e. to consider a vanishing Scherk-Schwarz twist, a; = 0. 

The mass eigenstates V'l and ip2 have masses respectively given by: 
mi = 

2MoM^ (Mq + M^) {ttR + 2k) 



m2 



K {-KRAd^M^f + ttR (2/«2M2M2 + M2 + M2) + K (Mq + M^) 



(7.18) 



The would-be-Goldstinos ip^\{y), V'52(2/), Xo and Xtt are related to the pseudo-Goldstinos ^1 and 
■02 through: 



V'5i(y) 
^'52(2/) 

Xo 



kV2k + 7ri?MoM^ 



V'2 



V2 

1 

V2 + «;-i7ri? 
1 

^2 k-^ttR 



Jk{m^-aiq) ■ 
-^1 + 7X 



(^0 + M„ + K-^7ri?M^) , ' 
^1 + ^2^ 

(^0 + AC- Vi?Mo) , 
^2 



where 



A = AC {-KRAdoM^Y + TTi? {2k^M^MI + M^ + M^) + ac (Mq + M^)^ 



(7.19) 



(7.20) 
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Note that ip5i{y) is proportional to MqM^. This is expected as ip5i{y) is odd at both boundaries 
and for to = would vanish if there were not both discontinuities at y = and y = ttR due to Mq 
and Mn- respectively. Note that one of the pseudo-goldstinos is massless. This can be understood 
from the following arguments. Generically, the pseudo-Goldstinos get masses from boundaries 
and bulk. The brane masses are for the combination xo + V'52(0) at y = and x-k + "052 (^ri?) 
at y = irR, as seen from equation (j6.10p . In this case of u; = 0, both these combinations are 
proportional to V'5i(0^) = iP^iIttR^) ~ ip2 as seen from the unitary gauge condition (j6.19p . The 
orthogonal combination, ipi, would have received a mass from the bulk, but this vanishes now as 
uj = 0. 

Let us discuss some particular limits that connect this case to the previous ones: 
• Case >> Mq: 

In subsection 1 7 . 2 1 we provided results for >> Mq assuming u ^ and warned the reader 
that they are not always valid when a; = 0. In fact, in this case the masses and the respective 
eigenstates are given instead by0 : 



mi 



m2 





2{ttR + 2k) 

TtR + K 



Mo 



^51 (y) 
^52 (y) 



Xo 



MqkVk-^ttR + 2 
Vk-^7tR + 1 
1 



^2 



V2 + 

1 

V2 + K-i7ri? 
1 

V2 + 



1p2 



1 



Vl + k~^itR 



■02 



(7.21) 



Note that if we take in these expression the large radius limit i.e. with uj = 0, Mt^ >> Mq 



Here it is also assumed RAIq << 1. 
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and Rk ^ >> 1, the result is: 

mi = 
m2 ~ 2 Mo 



V'52(y) 



Xo 



-Mo «^ ^"2 



1 




-^ttR 




1 








1 


\/ K 





-^1 + 



1 



1 



^^2 



1 



-02 



■01 



Vk-^ttR 



ip2 



1 



Vk-^ttR 



(7.22) 



Case ^ 0: 

Another simple limit is obtained by combining both a; = and Rk~^ 
(17181) and I^7A9\\ lead to: 



mi 

7712 

V'52(y) 

Xo 





4MoM^ 
Mo + M^ 



1p2 



1 , M^ - Mq , 
V2 V2{Mo + M^) 



0, in which case 



(7.23) 



It is easy to check the agreement of (|7.23p with the results presented in section 17.41 in the 
limit w = 0. If we add M-^- >> Mo, they become: 
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mi = 
m2 — 4Mo 



ip5i{y) - -V2KMo'tp2 

~ 71 (^1 + ^2) 

- ^(V'1-^2). (7.24) 



Acknowledgments 

Work supported in part by the French ANR contracts BLAN05-0079-01 and PHYSOCOL&COS, 
and in part by the EU contract MRTN-CT-2004-005104. 



A Conventions 

We use lower case letters from the middle of the Greek alphabet (/x, u, p, A) for the four-dimensional 
Minkowski indices (/x = 0, • • • , 3) and lower case letters from the beginning of the Latin al- 
phabet for the four-dimensional Lorentz indices (a = 0, • • • ,3). Capital indices are five dimen- 
sional space indices: M, N, P, Q, R are five-dimensional coordinate space indices (M = 0, • • • , 3, 5) 
and A,B,C,D,E are five-dimensional tangent space indices {A = 0, ■ ■ • ,3,5). Hated numbers 
(0, 1,2,3, 5) are used for tangent space indices. Indices /, J are used as SU (2) indices (/ = 1, 2) 
and i, j, k, I, i* , j* ,k*,l* are Kahler manifold indices (« = !,••• ,NioTN chiral multiplets). 

The fiinfbein and the vierbein allow to convert between coordinate space and tangent 
space indices: 

9MN = e^e^VAB, Tm = e^r^, 5^,, = e^e^r/ab, = e^Ta, (A.l) 
their determinant is denoted: 

65 = det {eij) , 64 = det {e"^) . (A.2) 

The five-dimensional gamma matrices obey the relations: 

{Fa, Tb} = -2r]AB, Vab = diag{-l, 1, 1, 1, 1) (A.3) 
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Our conventions follow closely those [H] (see also |39]). We use the following representation 
for the gamma matrices: 

(J°\ ^5 f-i 



where the Pauli matrices are: 



a^ = a^ a^ = -a\ = -a\ = -a\ (A.5) 
The gamma matrices obey the following properties 

YABCD _ ^ABCDEy^ pABC _ (^^BCDE-^^^ -pABCDE _ _^ABCDE g-j 

where g^^C"^^ ig the completely antisymmetric tensor 

^6i235 ^ ^MNPQR ^ ^N^P^Q^^R^ABCDE ^^.7) 

and 

s^^ = V^ = ^[r^,r^]. (A.8) 

From the representation (|A.4p we find 



^ a"" I ' 2 V-^'' 

The charge conjugation matrix is: 







and obeys: 

C'^ = -C, [T^'f = Cr^C~^ (A.ll) 

In the five-dimensional Lagrangians we use symplectic Majorana spinors ^j. We define: 

qt^ = e"^'j, = eij^'^ (A.12) 

where e^^ is the completely antisymmetric tensor: e^^ = e2i = 1- The symplectic Majorana 
spinors obey the reality condition |42j : 

= (A. 13) 
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where 

= ^J^rg, = M/JC. (A. 14) 

We can express then in the two-component spinor notation as follows, 

where V'l and ^^2 are two-component Weyl spinors. Equation ()A.14p implies 

^l = (^2, V^l), V['l = (-V'l, V^2) (A.16) 

and the reality condition (|A.13p gives : 



^1 = -"^^ = (^-2, ?l) , "^2 = "^^ = (V'l, -?2) 



V'A .T,_ _ .T,l _ /^-V^2 



^-1 = -^-2 = (_^,, , ^'2 = = (^2, V'l) ■ (A.17) 



The five-dimensional covariant derivative of a spinor is given by 

1 



Dm^J = 5m*J + ^UMAB^^^'^J, (A.18) 
the five-dimensional connection and curvature tensors are 

(^MAB = -^e^e'^ {eMcd[pe^-^ - epcd^jye^^-^ - eNcd[Mep^ 

RmNAB = du^NAB — QnUJmAB + ^Ma'~^'^NBC — ^NA^^MBC 

Rma = Rmnabb^^, R{uj)=e^'''^RMA- (A.19) 

The five-dimensional covariant derivatives (equation lA.lSP expressed in the two-component 
spinors notation are: 



= dM'^2 + \^Mab(y''^i^2-i^^Mab'^''^l- (A.20) 
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The four-dimensional connection and curvature tensors are denoted: 

Rt^ = Rt..abe''\ R{u)=e^^Ri^, (A.21) 
and the four-dimensional covariant derivative of a spinor is denoted: 

1 



D^i; = + V'- (A.22) 



B Supersymmetric action 

The space onsidcrcd here is five-dimensional with the fifth dimension compactified on the S^/1i2 
orbifold through the identification y ~ —y. Matter fields live on branes localized in the boundaries 
yn = yb & {0, ttR}. The total action is: 

S = j'j"" dy J d''x!^^£BULK + jC-o5{y)+£J{y-7rR)Y (B.l) 
For simplicity we fix eg = and = on the following formulas. 

The bulk fields are composed by the five-dimensional supcrgravity multiplet and some auxiliary 
fields. The on-shell supergravity multiplet contains the ftinfbein e^, the gravitinos ipMi and the 
graviphoton Bm- 

The bulk Lagrangian density is given by: 



J^BULK = J^SUGRA + J^AUX- (B.2) 
Auxiliary fields are present in the off-shell part of the Lagrangian density, 

jO-aux = [uu + VMV^) . (B.3) 

Here u is a real scalar and vm is a real fivc-dimensional vector field. 
The on-shell part of the bulk Lagrangian density reads 

^SUGRA = oson ~l~ ^ Fermi) 

(B.4) 
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with the on-sheh bosonic Lagrangian in the bulk given by 



Cbosou = -es I \r (u;) + ^Fmtv^*'^ + -^e^^""^^ FabFcdBe^ • (B.5) 
The fermionic part of the bulk Lagrangian expressed in two-component spinor notation reads : 

+i^ele^'-P^Fp^ {i^piaj^xi + ^p2CTu'^x2) + h.c. I . (B.6) 



The covariant derivatives employed here are defined in equation ()A.20p . 

In order to express the supersymmetry transformations p. 30 in two-component spinor no- 
tation we adopt, in parallel to equation ()A.17p . the following notation for the supersymmetry 
transformation parameter: 

Hi = -S2 = (-ei, ^2), H2 = Hi = (6, ei). (B.7) 

With these definitions, the on-shell supersymmetry transformations in two-component spinor no- 



^^We recall that in this paper we use the following approximation, in the Lagrangians we drop the four-fermions 
terms and in the supersymmetry transformations we drop the three and four-fermions terms. 
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tation are given by: 
S>e% = 
S'eli = 
6>Bm = 

(5/^51 = 



C2tpMl - Cl1pM2 + h.C. 

(6^M2 - 6V'Ml) + h.C. 



2D^C2 



1 / \ — 2 ~ 



2^/6 
1 



2D56 - i4^e|F^,a'^^6 + ^F^5C7^?i. 



The bulk fields have well defined Z2 parities as described in tables H] and El 



Even 


„a 


^5 






?/'52 








Odd 


pa 


e' 




'0^2 


^51 


6 


^'5 





Table 4: Parity assignments for bulk fields at y = 0. 



Even 




65 


^5 




V'5+ 


e+ 




u 


Odd 


pi 
^5 








V'5- 


i- 


V5 





(B. 



Table 5: Parity assignments for bulk fields at y = ttR. 



Here the following definitions are used: 



'4)^^+ = cos(7ra;)V'^i - sin(7ru;)V'^2 

= sin(7ru;)V'^i + cos(7ru;)-i/'^2 

■05+ = sin(7ru;)V'5i + cos(7ra;)^/^52 

V's- = cos(7ra;)V'5i - sin(7rtj)V'52 

^+ = cos(7rti;)6 — sin(7ra;)^2 

= sin(7rw)6 + cos(7ru;)^2 



(B.9) 



At each boundary yh, yf, £ {0, ttR}, Ni, chiral multiplets are placed, each containing one sacalar 
and one fermionic field Xt, = 1; " ' " ^b)- The Lagrangian density for the brane b, b G {0, tt}, 
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is given by: 

Xcf^l'xW^^"^;,! - [i'*QuQbr - 3) + /i.cj , (B.IO) 



-?r9ij*Ou 



where 



D^XI = d^Xb + lu^^aba'^'xl - \ {Gbjd^H - Gbrd^^l') Xl (B.ll) 



and the hermitian function Qb{4'b, (f>l) is given in terms of the Kahler potential and superpotential 

by 

^5(06, cf>l) = K,icf>,, ct>l) + In [W,{ct>b)] + In [W,{ct>^)]* . (B.12) 
We impose also the following boundary conditions at y = and y = irR: 

u\^^^^ = eS-/\ i^^U« = ^(e.,9^<^.-^.rW). F'^%=^^ = 0. (B.14) 
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The modified supersymmetry transformations for the bulk fields are given by: 











= S,Bm 






= Sfip^i 






= S,'lp^2 


+ + iuaf^2 




= S,1p5i 






= S,1p52 


- 4e^°/2ei'J(y) - 4e^"^^ cos(w^)^+5(y - ttR) 


Su 


1 

= U 

9 





SVn 



+ — 

65 



7 —udCsUGRA 7 — dCsUGRA 
^J^ 5Tm c.jO^'Dn- 



+ h.c. 



1 — — i 

-TJ^'m i^Clf^^i^ul + i^2Cr'''>p^2 + C2V'51 - ClV'52) 

Z 65 



dCsUGRA , ^ n dCsUGRA 
?J ^TTTI ^QJ^N- 



(B.15) 



In the branes at y = and y = ttR the supersymmetry transformations of the fields and 
tp^j are those induced by the bulk (given by equation (|B.15P calculated at y = and y = irR). 
Together with the supersymmetry transformations of the brane matter fields {(po, xo i (pn and Xtt) 
they read at the brane sitting on the boundary y^, y^ G {0,7ri?}: 



K\ 

^ I y=yb 



+ h.c. 



\y=yt Xb 



y=yb 



\y=yb IJ-"> 
1 



+ 2 i^^^-^/^ 



+ ie^*/V^ 6 



(B.16) 



where -D^6 and 1?^^+ are given by equation ()A.22p . 

With the parity assignments of tables S] and [5] and the boundary conditions (|B.13P and ()B.14p 
the action (jB.ip is invariant under the supersymmetry transformations (jB.lSP and (|B.16P up to 
four-fermions terms (which is the approximation we use in this paper). 
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C A simple example of bulk-brane supersymmetry breaking 



In this appendix we provide a simple example of supersymmetry breaking in both sectors (bulk 
and brane) of the 5d space-time. We consider only one chiral multiplet living in a brane placed 
at 2/ = 0. Supersymmetry is broken in the bulk by a non trivial Scherk-Schwarz twist described 
by the angle uj ^ 0. 

To keep things as simple as possible, in the brane the Kahler potential is the canonical one, 

K = (f>(f>* and the superpotential considered here is Vl^ = e~'^^/^+^'^. This implies the following 
Kahler function for the brane: 

g = -^ + ^/30-^ + ^/30*. (C.l) 

We will now show that this choice for the Kahler function provide supersymmetry breaking with 
a vanishing cosmological constant in the brane. The Lagrangian density 12.151 gives the following 
brane potential: 

V = e^f^|&-3l (C.2) 



From (jC.ip it is easy to obtain that V = |(/> — Then at the extremun of the potential 

{Im{(j)) ) = and ( V ) = 0, giving a vanishing brane cosmological constant, as claimed. It is 
useful to parametrize the complex field (j) by two real- valued fields and a: 

<A = -L[^ + ,a] (C.3) 
Prom potential IC. 21 it is clear that is massless and a has mass squared — '^i e^*^ ). 



The fermionic spectrum is easily calculated with help of formulae (j6.16p . ()7.4p and the F-terms 
values Mq = (e^^^) = ^ e^^/"^ ^ and = 0. Taking the v.e.v. {tp) = A, the fermion masses are 
given as follows, the gravitino tower of Kaluza-Klein masses are: 

m3/2 = I + ^ arctan [e^^^'^) + ^, n E Z (C.4) 
and the pseudo Goldstino mass is: 

cosfwTr) -I- sinfcJTT 



mpG = 



T^Re^A _^ cos(LJ7r) + sin(w7r) 



(C.5) 
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D Pseudo-Goldstino mass eigenstates 



In this appendix we wish to present the eigenstates and masses of the pseudo Goldstinos for general 
Mo, and u. As said at the end of section [6^ the procedure to identify the mass eigenstates 
of the pseudo Goldstinos is long but straight forward : one must plug (j6.18p and (j6.20p in the 
Lagrangian (|6.1U|) . integrate over the y dimension, diagonalize and canonically normalize the 
kinetic terms of the fields xi ^'^^ X2 and finally diagonalize their mass matrix. To do this we set 
= — L(j7r/2 in (16.180 and do all the diagonalizations described above. We now present the final 
results. 

We call the mass eigenstates ifji and 11)2, their masses are respectively: 



mi 



m2 



"2-11022 + "2-22011 " 2012^12 + dV A 

2(011022 - 0^2) 

"^ii022 + "^220ii - 2ai2mi2 - d\/A 
2(011022 - 0^2) 



(D.l) 



where we defined 



On 



022 



012 



mil 



1 + 



ttR 



K 
1 



2 sin 



2 cos 



1 1 

\ 2 J V kMo ^ kM^ 

2/1 1 



+ 



+ 



sin(a;7r) + | ^ , + 



V 2 / \kMo kM, 
1 1 \ . , . / 1 



Sm(L<J7r) + ( ^TTTo + 



/OJTT 



sin(u;7r) + 



1 



1 

2Vk2M2 k'^M^J~~"^" "' ' \kM^ kMo 

oil 1 \ /WTT 



2 sin(a;7r) 



' k2m2 y ^'"^ V 2 ; 



cos(a;7r) 



m22 



mi2 



1 
1 



21^+ 1 



sm 



1 1 



+ 2 sin(a;7r) 



irR \kM.^ kMq 



sin(a;7r) 



(D.2) 



and 



d 
A 



011022 



'■12 



011022 



'■121 



2011022 (2mf2 - miim22) + a{im\2 + 022"t-ii + 4miim22ai2 
-4oi2mi2 (oiim22 + "1-11022) 



(D.3) 
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The canonically normalized mass eigenstates are: 

^1 = /, ={[Q\/^(«ii - Q22 + Vn) - 2bai2^/rl] xi 

+ [h^/rl{all - 022 + Vn) + 2aai2^/r^ X2] 

yj{a^ + 6^)r2 

+ [a\/^(aii - 022 + - 26ai2i/ri] ^2} (D-4) 



where we defined 



(mil + "122) (011022 - 2012) - miia22 - m22a?i 



+2 (an + 022) ai2mi2 + dy/riA 
b = 2d [ai2 (mil - 77122) - "T-12 (an - 012)] i\/"ii'^22 - a' 
ri = (an - 022)^ + 40^2 

r2 = («ii - 022 + \/n f + 4a?2 

rs = (an + 022 + \/n)/2 

^•4 = (an + 022 - \/n)/2 

^ _ an - 022 - Vn" 
|aii - a22 - ^/n\ 



72 
'12 



(D.5) 



The fields ^51 (y), '4>52{y), Xo and Xtt can be written in terms of the mass eigenstates ipi and 
11^2 with help of (l638|) . (lOOl) and 

Xi = , , „ ^={[Q^/rI(aii - 022 + \/n) - 26ai2V^ V^i 
Y'(a^ + 0^)r2r3r4 

- [&\/r4(aii - a22 + ^/n) + 2aai2 "^2} 

X2 = „ ^={[b^{aii - 022 + Vn) + 2aai2V^ ^1 

y'(a^ + 0^)r2r3r4 

+ [a\/^(aii - a22 + - 26ai2VrI] -02} (D.6) 
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